Description 

HIGH EFFICIENCY, LOW COST, 
CHARGE PUMP CIRCUIT 

5 

TECHNICAL FIELD 

The present invention relates to the field of 
the integrated circuit design, and more specifically, to 
the field of charge pump circuits . 

10 

BACKGROUND ART 

Charge pump circuits are frequently used in 
semiconductor integrated circuits to provide a voltage 
that is higher than the voltage of a power supply, often 

15 a battery, or a voltage of reverse polarity. These 

circuits are particularly useful in flash and EEPROM non- 
volatile memories, but are gaining more and more 
acceptance in analog circuits in order to increase 
dynamic range and simplify circuit design. One of the 

2 0 most popular charge pump circuits is the Dickson charge 
pump 10, shown in FIG. 1 wherein switched capacitor 
multi-stage circuitry is featured. Each stage is made of 
a capacitor 12 and an NMOS type transistor 14 acting as a 
diode. These transistors have their bulk or substrate 

2 5 connected to ground, their drain and gate connected 
together to the stage capacitor, and their source 
connected to the capacitor of the next stage. Two 
inverted phase clocks, not shown, are used for pumping 
charge from stage to stage. The maximum gain per stage 

30 of the Dickson charge pump 10 is (VDD-VT) , where VT is 
the threshold voltage of an NMOS device. 

For some applications, the Dickson charge pump 
10 has a number of drawbacks. For instance, the number 
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of stages that can be cascaded is limited by the amount 
of the voltage drop increase between the source and the 
bulk of an NMOS device resulting in a dramatic VT 
increase on the last stages. Another significant 
5 drawback is that thick oxide, high voltage dedicated 

transistors are necessary to sustain a large voltage drop 
between gate and bulk in a reliable way. This makes it 
impossible to design Dickson charge pumps using thin 
oxide, low voltage standard devices which can sustain a 

10 maximum drop of VDD. 

Many improvements to the basic Dickson 
structure have been made to overcome the gain degradation 
due to threshold voltage described above. Among the 
large number of proposed solutions, the four phase charge 

15 pump structure disclosed by Hongshin Lin and Nai-Hsein 

Chen in the paper ''New Four- Phase Generation Circuits for 
Low-Voltage Charge Pumps," published in the Proc . ISCAS' 
2001, stands out as a very efficient approach to prevent 
gain degradation due to the threshold voltage. For 

2 0 example, a 9V output voltage was obtained by using a ten 
stage pump, starting from IV power supply. However, this 
approach is not feasible for a standard CMOS process. 
Another solution involves overcoming the gain degradation 
due to threshold voltage by using low voltage 

25 transistors, is disclosed in the U.S. Patent No, 

5,874,850, issued to Pulvirenti . The '850 patent uses a 
two phase clocking scheme and NMOS devices with triple 
well technology. Triple well processes require 
. additional masking and etching steps compared to the 

30 standard CMOS process. An object of the invention is to 
achieve a high efficiency charge pump overcoming 
drawbacks of the prior art . 
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SUMMARY OF THE INVENTION 

The above object has been achieved with a 
charge pump having improved gain per stage achieved by- 
limiting the influence of threshold voltage and body 
5 effect. The present invention features use of PMOS 
devices to realize switches of an integrated circuit 
charge pump because the limitations of prior NMOS 
transistors due to threshold voltage drop and body effect 
are not present with PMOS switches. Moreover, the 

10 voltage difference between all the nodes of PMOS devices 
never exceeds VDD on the charge pump of the present 
invention. That way, the thick gate oxide needed for 
triple wells and N-wells in general is not needed on the 
charge pump of the present invention. The gain per stage 

15 of the charge pump structure of the present invention is 
very close to VDD and is limited only by parasitics. A 
charge pump structure of the present invention has a 
pumping capacitor connected to a pumping node, a first 
PMOS device connected to an input node, a second PMOS 

20 device connected to an output node, a third PMOS device 
electrically communicating with the first PMOS device, 
and an auxiliary capacitor connected to the first PMOS 
device. In this embodiment, the first PMOS device 
electrically communicates with the coupling capacitor and 

25 is configured to connect the pumping node to the input 
node when the pumping capacitor is not boosted. The 
second PMOS device electrically communicates with the 
pumping capacitor and is configured to transfer 
electrical current from the pumping node to the output 

30 node when the pumping capacitor is boosted. At the same 
time, the second PMOS device is configured to prevent a 
reversal current feedback from the output node to the 
pumping node when the pumping capacitor is boosted. The 
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third PMOS device is configured to switch a gate of the 
first PMOS device to a boosted pump node potential in 
order to prevent the current feedback from the pumping 
node to the input node when the pumping capacitor is 
5 boosted. The auxiliary capacitor is configured to 

generate an under- shoot on the gate of the first PMOS 
device and to switch the apparatus to an ''ON" state when 
an electrical current is transferred from the input node 
to the pumping node . 

10 In another embodiment of the present invention, 

the charge pump stage comprises a symmetrical charge pump 
stage structure further comprising a first substructure 
and a second substructure. Each substructure may further 
comprise a charge pump structure described above. 

15 In a further embodiment of the present 

invention, the apparatus for generating a supply voltage 
internally within an integrated circuit comprises an 
independently controlled charge pump stage having an 
input control node, a pumping capacitor connected to a 

2 0 pumping node, a first PMOS device connected to the input 

control node, a second PMOS device connected to an output 
control node, and a third PMOS device electrically 
communicating with the first PMOS device. In this 
embodiment, the first PMOS device electrically 
'25 communicates with the coupling capacitor and is 

configured to connect the pumping node to the input 
control node when the pumping capacitor is not boosted. 
The second PMOS device electrically communicates with the 
pumping capacitor and is configured to transfer 

3 0 electrical current from the pumping node to the output 

control node when the pumping capacitor is boosted. The 
second PMOS device is configured to prevent a reversal 
current feedback from the output control node to the 
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pumping node when the pumping capacitor is not boosted, 
and the third PMOS device is configured to switch a gate 
of the first PMOS device to a boosted pump node potential 
in order to prevent the current feedback from the pumping 
5 node to the input control node when the pumping capacitor 
is boosted. Each substructure further comprises an 
auxiliary capacitor connected to the first PMOS device. 
The auxiliary capacitor is configured to generate an 
under-shoot on the gate of the first PMOS device, and 

10 configured to switch the apparatus to an ''ON" state when 
an electrical current is transferred from the input 
control node to the pumping node . 

In an additional embodiment of the present 
invention, the apparatus for generating a supply voltage 

15 internally within an integrated circuit comprises an 

independently controlled symmetrical charge pump stage 
structure having a first independently controlled 
substructure and a second independently controlled 
substructure. Each independently controlled substructure 

20 further comprises a charge pump structure described 
above . 

In yet another embodiment of the present 
invention, an apparatus for generating a supply voltage 
internally within an integrated circuit comprises a 

2 5 plurality of symmetrical charge pump stages cascade - 

connected in series further with a first symmetrical pump 
charge stage connected to an input node, a last 
symmetrical pump charge stage connected to an output 
node, and, preferably but not necessarily, at least one 

3 0 intermediate symmetrical pump charge stage therebetween. 

In this embodiment, each symmetrical pump charge stage 
further comprises a first substructure and a second 
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substructure each of which may be a charge pump structure 
as described above . 

In a still further embodiment of the present 
invention, an apparatus for generating a supply voltage 
5 internally within an integrated circuit comprises a 

symmetrical pump charge stage connected to an input node, 
with a plurality of independently controlled symmetrical 
charge pump stages cascade-connected in series. The 
plurality of independently controlled symmetrical charge 

10 pump stages cascade-connected in series further comprises 
a first independently controlled symmetrical pump charge 
stage connected to the symmetrical pump charge stage, a 
last independently controlled symmetrical pump charge 
stage connected to an output node, and at least one 

15 intermediate independently controlled symmetrical pump 

charge stage therebetween. Each independently controlled 
symmetrical pump charge stage pump charge stage has a 
first independently controlled substructure and a second 
independently controlled substructure that each may 

2 0 feature an independently controlled charge pump structure 
described above . 

BRIEF DESCRIPTION OF DRAWINGS 

FIG. 1 is a simplified circuit diagram of a 
2 5 prior art Dickson charge pump. 

FIG. 2A is a circuit diagram of a symmetrical 
single stage charge pump of the present invention, 

FIG. 2B is a block representation of the single 
stage charge pump of FIG. 2. 
30 FIGS. 3A-3D are clocking schemes that describe 

operation of the single charge pump stage of FIG. 2A 
during one period. 
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FIG. 4 is a circuit diagram of an N-stage 
charge pump structure of the present invention using 
cascading basic stages of FIG. 2B. 

FIG. 5A is a circuit diagram of an alternate 
5 embodiment of the present invention, namely, an 

independently controlled single charge pump stage. 

FIG. 5B is a block representation of the 
independently controlled single charge pump stage of FIG. 
5A. 

10 FIG. 6 shows a multi-stage charge pump 

structure that utilizes the independently controlled 
single charge pump stage of FIG. 5B. 

DETAILED DESCRIPTION 

15 With reference to FIG. 2A, the symmetrical 

single stage charge pump 2 0 includes 6 low voltage PMOS 
devices 22, 24, 26, 28, 30, and 32, two boosting 
capacitors 34 and 36 and two auxiliary capacitors 38 and 
40. Each symmetrical charge pump 20 device includes two 

2 0 equivalent substructures, namely a first charge pump 

substructure and a second charge pump substructure. The 
first substructure has 3 low voltage PMOS devices 22, 24, 
and 26, a single boosting capacitor 34, and a single 
auxiliary capacitor 38; whereas the second substructure 

2 5 includes 3 low voltage PMOS devices 28, 30, and 32, a 
single boosting capacitor 36, and a single auxiliary 
capacitor 40. The first charge pump substructure and the 
second charge pump substructure may be identically sized. 

Briefly, assuming that an input voltage Vin is 

30 applied at the input node 42, the basic operation of the 
pump stage 2 0 components can be described using a single 
charge pump substructure as follows. Boosting capacitor 
34 of the first substructure or boosting capacitor 36 of 
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the second substructure is a large coupling capacitor 
used for the basic charge pumping operation. Either the 
PMOS device 24 of the first substructure or PMOS device 
30 of the second substructure is used to transfer charge 
5 from the node 48 of the first substructure (or from the 
node 5 0 of the second substructure) to the output node 
44, and to prevent a reversal current feedback from the 
output node 44 to either of the pumping nodes 48 and 50. 

PMOS device 22 of the first substructure or 

10 PMOS device 2 8 of the second substructure is used to 

connect the pumping node boosting capacitor 34 device of 
the first substructure, or the boosting capacitor 3 6 of 
the second substructure to the input voltage Vin applied 
to the input node 42 when boosting capacitor 34 of the 

15 first substructure or boosting capacitor 36 of the second 
substructure is not pumped. Boosting capacitor 34 of the 
first substructure or boosting capacitor 36 of the second 
substructure is not pumped when the pumping potential of 
the first substructure or when the pumping potential of 

20 the second substructure is low. FIG. 2B simplifies 
consideration of inputs and outputs of FIG. 2A. 

Referring again to FIG. 2A, PMOS device 26 of 
the first substructure or PMOS device 32 of the second 
substructure is used to switch the gate of PMOS device 22 

2 5 of the first substructure or PMOS device 2 8 of the second 
substructure to the boosted pump node potential (by- 
connecting pumping nodes 48 or 50 to the gate of PMOS 
devices 22 or 28) in order to prevent reversal current 
feedback to the input when boosting capacitor 34 of the 

30 first substructure or boosting capacitor 36 of the second 
substructure is boosted. Auxiliary small capacitor 38 of 
the first substructure auxiliary small capacitor 40 of 
the second substructure is used to generate an undershoot 
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on the gate of PMOS device 22 of the first substructure 
or PMOS device 2 8 of the second substructure and have 
this device ON when the charge is transferred from the 
input node 42 to the node 4 8 of the first substructure or 
5 to the node 50 of the second substructure. 

In a steady state, a net -pumping node potential 
at the net -pumping node 4 8 of the first substructure 
varies in the following range: 

10 V net-pumping node £ [Vin; Vin + Crl*VDD] ; (Eq. 1) 

where Crl=l/ (1+Cparl/Cpumpl) , Vin is the input voltage 

and Cpumpl is the capacitance of boosting capacitor 34. 
In general, Cparl is the total parasitic 
15 capacitance at node 48, due to devices 22, 24, 26, and 30 

from both the first and the second substructures as well 

as net routing. 

However, assuming that Cpumpl > >Cparl , Crl is 

very close to 1. This results in the following 
2 0 approximate range of variation for the net -pumping node 

potential at the net-pumping node 48 of the first 

substructure : 

V net -pumping node C [Vin; Vin + VDD] . (Eq. 2) 

25 

In this approximation, the parasitic capacitance at node 
48 is negligibly small. 

Referring still to FIG. 2A, the potential at 
the auxiliary node 52 of the first substructure or the 
30 potential at the auxiliary node 54 of the second 

substructure switches to Vin+VDD during the pumping 
period of the first net -pumping node 48 of the first 
substructure, or during the pumping period of the second 
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net -pumping node 50 of the second substructure, due to 
the fact that during the pumping period of the first net- 
pumping node 4 8 of the first substructure, or during the 
pumping period of the second net -pumping node 5 0 of the 
5 second substructure, the PMOS device 2 6 of the first 

substructure is ON, or due to the fact that PMOS device 
32 of the second substructure is ON. 

At the end of the pump operation, potential Ol 
at the node 4 6 of the first substructure, or potential 02 

10 at the node 47 of the second substructure, goes low, and 
the potential at the node 4 8 of the first substructure, 
or the potential at the node 50 of the second 
substructure, as well as the potential at the node 52 of 
the first substructure, or the potential at the node 4 0 

15 of the second substructure decreases to the input 

potential Vin. At this point in time, the potential 
Olaux at the auxiliary capacitor 38 of the first 
substructure or, the potential <I>2aux at the auxiliary 
capacitor 40 of the. second substructure, switches low to 

2 0 drive the auxiliary node netauxl (netaux2) below the 

input potential Vin, thus turning device 22 of the first 
substructure ON or, turning device 28 of the second 
substructure ON. 

The potential Vlow at node netauxl 52 of the 

2 5 first substructure during the under- shoot is equal to: 

Vlow = Vin - Cr2*VDD; (Eq. 3) 

where Cr2=l/1+Cpar2/Cauxl) , and Cpar2 is the total 
30 parasitic capacitance at node netauxl 52 due to device 22 
and device 26. 



ATM36 : 276 . APIi Atrael Proprietary 



-11- 



The following condition has to be satisfied to 
achieve a correct functionality of the charge pump stage 
20 of FIG. 2A: 

5 Cr2*VDD >Vt ; (Eq. 4) 

where Vt is the threshold voltage of the P device. 

With reference to FIGS. 3A-3D, the clocking 
schemes shown provide a description of the operation of 

10 the single charge pump stage 2 0 of FIG. 2A during one 
period, based on functioning of both the first and the 
second substructures of the single pump stage 2 0 of FIG. 
2A. The following initial conditions are assumed: Ol 
(100 of FIG. 3A) is low, Olaux (102 of FIG. 3B) is low, 

15 <D2 (104 of FIG. 3C) is high, and (D2aux (106 of FIG. 3D) 
is high. Therefore, the initial potentials at nodes 
netpump2 50, netaux2 54, netpumpl 48, and netauxl 52 are 
as follows (assuming Crl=l for simplicity) : 

2 0 V netpump2 = Vnetaux2 = Vin+VDD; (Eq. 5) 

Vnetpumpl = Vin; (Eq. 6) 

Vnetauxl = VI ow. (Eq. 7) 

25 

After the potential 3>laux switches to VDD (102 
of FIG. 3B) , the potential at the netauxl 52 node rises 
from VI ow to Vin due to the voltage on coupling capacitor 
38. Then the potential Ol (100 of FIG. 3A) switches to 

3 0 VDD, the potential at node 4 8 rises to Vin+VDD, as well 

as the potential at the node 52 which is connected to 
node 48 through device 26. At the next phase, the 
potential 02 goes low (104 of FIG. 3C) , switching the 
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potential at the node 50 to Vin, and switching the 
potential at the node 54 to Vin via device 32 . At this 
point in time, the potential at the node 50 is low and is 
equal to Vin. As a result, device 24 turns ON and the 
5 charge transfer from the net -pumping node 4 8 to the 

output node 44 occurs. However, because device 22 and 
device 3 0 have potential on their gates equal to Vin+VDD, 
they are OFF and there is no reversal charge transfer. 

During the last phase of the same period, 02aux 
10 (106 of FIG, 3D) goes low in order to switch the 

potential at the node netaux2 54 to Vlow. As a result, 
device 2 8 turns ON and transfers charge from the input 
node 42 to the node 50 which becomes the next pumped 
node . 

15 Thus, to simplify the description, during the 

first half of the period, charge is transferred from the 
node 48 to the output node 44, and from the input node 42 
to the node 50. When this charge transfer is completed, 
the symmetrical second half of the period starts by 

20 switching cl)2aux potential (106 of FIG. 3D) to the ''high" 
state in order to make the potential at the node 54 rise 
from Vlow to Vin. 

Then 02 potential (104 of FIG. 3C) goes high to 
boost the potential at the node 50 and to boost the 

25 potential at the node 54 to Vin+VDD. This follows by <t>l 
potential (100 of FIG. 3A) going low to turn device 30 ON 
to start charge transfer from the node 50 to the output 
node 4 4 . 

Finally, the last phase includes switching 
30 <I>laux potential (102 of FIG. 3B) to low in order to turn 
device 22 ON. During this second half period charge is 
now flowing from the input node 42 to the next pumped 
node 48, and from the pumped node 50 to the output node 
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44. A very important characteristic of the charge pump 
structure of the present invention is that the voltage 
drop between the four nodes of each device does not 
exceed VDD during the pump operation. Moreover, the bulk 
5 of the PMOS devices is always at the higher potential. 

With reference to FIG. 4, an N-stage charge 
pump structure 7 0 is shown where N is an integer that can 
be obtained by cascading basic stages 60 of FIG. 2B. The 
gain per stage is limited only by parasitic capacitance 
10 and can be made very close to VDD. Assuming an N stage 
charge pump with Vin at the input, and if there is no 
current pulled at the output, the maximum output voltage 
is as follows: 

15 MAX Vout = Vin+N*Crl*VDD. (Eq. 8) 

EXAMPLE I . 

An output voltage of 10.6V can be obtained by 
using 10 stages of a charge pump structure of the present 

20 invention that employs 0 . ISpm devices, with a power 

supply of IV. This represents 96% of VDD average gain 
per stage for a 10-stage structure. 

Another aspect of the present invention is 
directed to an independently controlled single charge 

25 pump stage 110 as illustrated in FIG. 5A and, in 

simplified block form, in FIG. 5B. The only difference 
between the independently controlled single charge pump 
stage 110 of the present invention as illustrated in FIG. 
5A and the single charge pump stage 2 0 of the present 

30 invention as depicted in FIG. 2A is that device 112 and 
device 114 devices of FIG. 5A can be controlled 
independently by using control lines ctrlinl 116 and 
ctrlin2 118 as "input signals. 
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FIG. 6 is a charge pump structure 160 that 
utilizes the basic stage 150 of FIG. 5B. The first stage 
162 is identical to the basic stage 60 of FIG. 2B because 
input control signals ctrlinl 164 and ctrlin2 166 are 
5 connected to the input voltage Vin 168. Therefore, the 
first stage 162 cannot be independently controlled. 
However, each following charge pump stage 170, 172, 174, 
etc. can be independently controlled. Indeed, for 
instance, the charge pump stage 170 can be independently 
10 controlled because the input control signals ctrlinl 173 
and ctrlin2 175 for the stage 170 are connected to the 
output signals ctrloutl 163 and ctrlout2 165 of the 
previous stage 162, that can be made independent from 
each other. 

15 Referring still to FIG. 5A, during the pump 

operation on the node 120, the voltage difference between 
the drain and the gate of the device 112 is 2VDD, whereas 
the voltage difference between the drain and the gate of 
the device 2 6 of FIG. 2A is VDD. When the node 12 0 is 

20 not pumped, the voltage difference between the drain and 
the gate of the device 112 is the same as the voltage 
difference between the drain and the gate of the device 
26 of FIG. 2A. 

Similarly, during the pump operation on the 

25 node 122, the voltage difference between the drain and 
the gate of the device 114 is 2VDD, instead of the 
voltage difference of VDD between the drain and the gate 
of the device 32 of FIG. 2A. When the node 122 is not 
pumped, the voltage difference between the drain and the 

3 0 gate of the device 114 is the same as the voltage 

difference between the drain and the gate of the device 
32 of FIG. 2A- A symmetrical effect is observed at node 
120 involving device 112. 
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The charge pump structure 110 of FIG. 5A is 
perfectly functional, and has the same level of 
performance as the charge pump structure 2 0 of FIG. 2A. 
However, because the maximum voltage difference for 
5 device 112 and device 114 between their drain and gate 
during pumping operation is 2VDD, the charge pump stage 
110 of FIG. 5A cannot be implemented by using low 
voltage, thin oxide PMOS devices. Instead, the charge 
pump stage 110 of FIG. 5A are implemented by using PMOS 
10 devices with thicker oxide for device 112 and device 114, 
while thin oxide PMOS devices can be used for the rest of 
the pump stage. In comparison, the charge pump stage 20 
of Fig. 2A can be implemented using thin oxide PMOS 
devices only. 

15 There are several main advantages of using the 

charge pump structures of the present invention depicted 
in FIG. 2A and FIG. 5A. 

More specifically, both structures 20 (of FIG. 
2A) and 110 (of FIG. 5A) of the present invention enjoy 

2 0 the optimal gain per stage because they do not experience 
degradation due to threshold voltage. Indeed, the gain 
per stage is limited by parasitics only. Both structures 
20 (of FIG. 2A) and 110 (of FIG. 5A) of the present 
invention are perfectly suitable for low voltage 

25 operation. In addition, the charge pump stage of Fig. 2A 
is compatible with standard CMOS applications and may be 
made with thin oxide PMOS processes. 
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